Fibrin polymerizes via non-covalent and dynamic association of thrombin-exposed 'knobs' with complementary 'holes'. Synthetic knob peptides have received significant interest as a means for understanding fibrin assembly mechanisms and inhibiting fibrin polymerization. Nevertheless, the inability to crystallize short peptides significantly limits our understanding of knob peptide structural features that regulate dynamic knob:hole interactions. In this study, we utilized molecular simulations to generate the first predicted structure(s) of synthetic knobs in solution prior to fibrin hole engagement. Combining Surface Plasmon Resonance (SPR), we explored the role of structural and electrostatic properties of knob 'A' mimics in regulating knob:hole binding kinetics. SPR results illustrated that association rates were most profoundly affected by the presence of both additional prolines as well as charged residues in the 6-7th positions.
Introduction
The activation and polymerization of the blood circulating protein fibrinogen, a 340kDa glycoprotein with six polypeptide chains (AαBβγ) 2 , is the primary homeostatic mechanism preventing excessive blood loss following vascular injury. This process is initiated by the activated serine protease thrombin, which specifically cleaves four N-terminal arginyl-glycine motifs on the two adjacent Aα and Bβ chains of fibrinogen releasing two sets of fibrinopeptides A and B (FpA and FpB) and exposing cryptic fibrin polymerization knobs 'A' and 'B', respectively. [1] [2] [3] [4] [5] The newly exposed fibrin knobs non-covalently interact with complementary 'holes' within the two distal C-terminal regions of the γ and β chains (complementary holes 'a' and 'b', respectively) to initiate fibrin protofibril assembly. Understanding the fundamentals of this dynamic and non-covalent knob:hole interaction will lead to both a more thorough understanding of fibrin assembly mechanisms and the establishment of design criteria for superior anticoagulants with high polymerization hole affinity to inhibit fibrin assembly.
Evidence for fibrin knob:hole interactions was first conclusively demonstrated when fibrin polymerization was inhibited by synthetic knob 'A' tripeptides (Gly-Pro-Arg) competing for fibrin holes. 6, 7 Characterization of the equilibrium binding affinities of both knob 'A' and 'B' peptide variants to fibrinogen revealed that the knob 'A' peptides (i.e. GPRV and GPRP) have higher affinities to fibrinogen than knob 'B' peptides (i.e. GHRP and AHRP) under calcium-free conditions. [6] [7] [8] In the presence of calcium, the binding affinity knob 'B' mimic GHRP significantly increases to near GPRP; however, GHRP is readily displaced by the knob 'A' mimic GPRP, suggesting that knob 'A' interactions are stronger than knob 'B'. 6 Further evaluation of knob 'B' peptide variants (i.e. GHRPY, AHRPY and MHRPY) demonstrated the promiscuity of hole 'b' versus hole 'a' as the non-glycyl knob 'B' peptides engaged hole 'b', but
For personal use only. on August 30, 2017 . by guest www.bloodjournal.org From not hole 'a'; only N-terminal glycyl peptides bind to hole 'a'. 9, 10 Recent studies elegantly conducted with fragments from fibrinogen mutants and laser tweezers-based force spectroscopy further characterized A:a, A:b, and B:b interactions with native fibrin fragments. 11, 12 Consistent with the knob peptide studies, knob 'A' interactions seem to dominate the knob:hole interactions as the A:a interaction displays a six-to eight-fold higher rupture force than A:b or B:b interactions. 11, 12 While such steady-state, equilibrium studies have laid the foundation for understanding knob:hole interactions, investigating these binding events under dynamic conditions will provide critical information regarding the residence time of the non-covalent knob:hole interaction, a key determinant in fibrin assembly initiation and polymerization.
Additionally, understanding the fundamental structural cues within strong binding fibrin knob 'A' mimics that drive the initial docking events and potentially stabilize the interaction (e.g. enhance knob residence time within holes) will further establish design criteria required to develop superior anticoagulants that compete for hole occupancy.
Examination of the crystal structure of fibrinogen/fibrin hole regions (D fragment) with associated knob 'A' peptides clearly established electrostatic interactions and hydrogen bonding between engaged knob peptides and holes 'a' and 'b'. [13] [14] [15] Crystal structures of D fragment generated with either GPRP or GPRVVE knob 'A' peptides indicate that the 1Gly and 3Arg residues engage the same residues on the γ chain with minimal structural differences between the GPRP and GPRVVE. 13, 14 This observation leads one to question why GPRP displays a four-fold greater affinity (K D ) for D fragment than GPRV? 6, 8 Laudano and Doolittle speculated that the higher affinity of GPRP was due to the 4Pro residue potentially stabilizing the backbone of the GPRP thereby reducing the degrees of freedom and the number of potential conformations. 6 However, the structural properties of the knob peptides in aqueous environments prior to hole For personal use only. on August 30, 2017. by guest www.bloodjournal.org From engagement have not been explicitly examined largely due to the inability to crystallize small peptides for structural X-ray studies. Such knowledge is critical for rationally designing knob peptides, as well as fully synthetic analogs, with superior anticoagulant properties than is currently available (i.e. GPRP). Molecular modeling and Molecular Dynamics (MD) simulations is an emerging approach that explores the conformational landscape of short peptides enabling one to assess molecular structural differences that influence functional binding parameters. 16, 17 In this study, we investigated fibrin knob peptide:hole interactions with both experimental and theoretical modeling approaches in order to elucidate factors that influence the kinetic binding dynamics (k a and k d ) of knob 'A' peptide variants to fibrin holes. We focused on (1) kinetic modeling of the binding interaction and (2) structural characterization of the peptides in solution. Previous binding affinity studies have contributed significantly to the current understanding of knob:hole interactions; however, as described earlier these seminal experiments were performed under equilibrium conditions in which the details of critical dynamic interactions are overlooked. Using Surface Plasmon Resonance (SPR), we evaluated the kinetic binding interactions of fibrin knob peptides with fibrinogen/fibrin holes and investigated appropriate kinetic binding models to describe the knob:hole interaction. Based on past literature, we examined a set of knob 'A' peptide variants of 7 to 8 residues in length in order to evaluate two properties hypothesized to influence binding kinetics ( Table 1 ). The first property included sequences with backbone 'stabilizing' residue configurations such as a single Pro 18, 19 or Pro-Pro 20 . Secondly, we chose residues that would alter the charge distribution across the chain similar to those observed on the native knob 'A' chain (i.e., arginine and glutamic acid).
Subsequent molecular modeling and dynamic simulations of each peptide facilitated structural comparisons of the peptide conformations in solution. In this report, we correlate For personal use only. on August 30, 2017. by guest www.bloodjournal.org From molecular/structural properties of the knob peptide residues with functional kinetic binding parameters to gain a better understanding of knob characteristics that contribute to knob:hole interactions and identified potential criteria for the rational design of enhanced knob variants.
Illustrating this point, we identified and report here a novel knob peptide mimic with a unique element (Pro-Phe-Pro) that enhances the association rate to polymerization holes nearly one order of magnitude.
Materials and Methods

Fibrin Knob 'A' Peptides
Peptide sequences included GPRVVAAC, GPRVVERC, GPRPAAC, GPRPPERC, GPRPFPAC, and GPSPAAC (GenScript, Inc, Piscataway, NJ; Table 1 ). The peptide sequences were designed with a carboxyl-terminal cysteine residue to permit sulfhydryl-targeted reactions for future conjugation chemistries.
Preparation of Fibrinogen D Fragment
Human fibrinogen (Enzyme Research Laboratories, South Bend, IN) at 2mg/mL was digested with 0.1U/mL human plasmin (ERL) in HEPES+CaCl 2 buffer (150mM NaCl, 5mM CaCl 2 , 25mM HEPES; pH 7.4) overnight at room temperature. D Fragment was isolated as previously described, with slight modifications. 21 Briefly, the plasmin-digested fibrinogen and GPRPAAbeads were incubated for 30min, with occasional agitation. The unbound proteins and protein fragments were removed with excessive washing with HEPES+CaCl 2 buffer. D Fragment was eluted with 1M sodium bromide and 50mM sodium acetate (pH 5.3). Eluted samples were pooled together and exchanged back into HEPES+CaCl 2 buffer using a centrifugal filter (MWCO 10,000). D Fragment was verified by SDS-PAGE and stored at -80°C until use.
Binding Kinetics with Surface Plasmon Resonance (SPR)
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The Biacore 2000 (Biacore Lifesciences, GE Healthcare, Pittsburgh, PA) was used investigate kinetic binding constants (k a and k d ) of knob 'A' peptide variants for fibrinogen D fragment.
Briefly, D fragment was covalently immobilized to gold-coated SPR sensor chips via selfassembled monolayer (SAM) surface chemistry in order to generate a non-fouling surface with a controlled density of reactive carboxylic acid groups. Mixed SAMs were generated on goldcoated chips as described previously 22 by incubating with a 1mM mixture of tri(ethylene glycol)terminated alkanethiols (HS-(CH 2 ) 11 -(OCH 2 CH 2 ) 3 -OH; EG 3 ; ProChimia, Poland) and carboxylic acid-terminated alkanethiols (HS-(CH 2 ) 11 -(OCH 2 CH 2 ) 6 -OCH 2 COOH; EG 6 Unreacted NHS groups were quenched in all four flow cells (three sample cells and one reference cell) with 20mM ethanolamine (10μL/min for 10min). Upon stabilization of the baseline signal, kinetic binding experiments were run in duplicate with the peptide variants as the flow analytes. Five varying concentrations for each peptide (0.94μM to 150μM) were flowed at 25μL/min for 4min immediately followed by a 10min dissociation phase. Between each run, the surface was regenerated with 1M sodium bromide and 50mM sodium acetate (pH 6.0). SPR experiments were performed three times with varying peptide injection order to rule out binding trends associated with injection sequence. Peptide solutions were incubated with tris(2carboxyethyl)phosphine (TCEP) immobilized on agarose beads (Thermo Fisher Scientific, Inc;
Rockland, IL) to ensure reduction of any disulfide bonds between C-terminal cysteines. Mass
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SPR Analysis and Evaluation
SPR sensorgrams were analyzed with the aid of Scrubber 2 and ClampXP software (Center for Biomolecular Interactions Analysis, University of Utah). [23] [24] [25] Prior to analysis, all sensorgrams were inspected for abnormalities (i.e. baseline drift, air spikes, or irregular deviations) and excluded. Reference cell responses were subtracted from corresponding active response curves.
Double-referenced curves were acquired by further subtracting the reference cell blank buffer injections from each reference-subtracted response curve. 26 All double-referenced curves were normalized by the molecular weight of each peptide and multiplied by 1000 to account for minor variations in response due to molecular weight. The resulting curves were then analyzed and fitted to the kinetic models. Kinetic modeling and simulations were performed with ClampXP software using the Langmuir 1:1 model or the heterogeneous ligand model; globally fitted parameters were determined for each kinetic data set per peptide. Equilibrium binding constants were calculated from fitted kinetic constants. Goodness of fit for each model was determined by evaluating the residual plots and residual sum of squares (RSS). 26 
Molecular Dynamics (MD) Simulations
Classical MD simulations were performed with five knob 'A' peptides, GPRVVAAC, GPRVVERC, GPRPAAC, GPRPPERC, and GPRPFPAC. Since the crystal structure of each of these peptides within the fibrin hole has not been determined experimentally, the initial peptide structures were rendered in Swiss-PDB Viewer (Swiss Institute of Bioinformatics 27 ) with the backbone torsion angles of the first three residues constrained to an 'active' peptide conformation obtained from previously published D fragment crystal structures (PDB code: 2HPC and 2FFD 14 ). Prior to MD simulations, the structure of each peptide was minimized with 10 iterations of steepest descent (500 steps) energy minimization in vacuo. Each peptide was placed in the center of a water box (Visual Molecular Dynamics software 28 ) supplemented with Na+ and Cl-ions to achieve electric neutrality, mimicking experimental conditions (~340mOsmol/L). The models were initially minimized for 1000 steps with the backbone atoms fixed, followed by 1000 steps of minimization with harmonic restraints on the alpha carbon atoms. After energy minimization, each system was heated to 310K over a period of 20ps with harmonic restraints on the alpha carbons. Next, with the restraints still active, each system was equilibrated at constant temperature (310K) and pressure (1atm) for 100ps.
The restraints were then removed, and the equilibration was continued for 200ps. The production runs were carried out for 10ns under constant temperature and pressure conditions, i.e. the NPT ensemble. Temperature was maintained at 310K, pressure at 1atm. Short-range non-bonded interactions were cut off at a distance of 12Å with a switching function between 10 and 12Å. The particle mesh Ewald method was used to compute electrostatics. 29 All bonds involving hydrogen atoms were constrained using the SHAKE algorithm 30 , which allowed for an integration time step of 2fs. All simulations were performed with NAMD Version 2.6 (Theoretical and Computational Biophysics Group at University of Illinois at Urbana-Champaign 31 ) using the CHARMM22 force field parameter set 32 .
Molecular Dynamics Simulation Analysis
Clustering Analysis
A hierarchical cluster analysis was performed on the trajectory data from each peptide MD simulation. A trajectory for clustering was obtained by taking every 100th frame (100ps interval) from a 10ns production run. Next, we calculated the root mean squared deviation (RMSD)
For personal use only. on August 30, 2017. by guest www.bloodjournal.org From between every frame in the trajectory to generate a dissimilarity matrix. RMSD was calculated based on the backbone atoms after optimal superposition. The agnes function in the cluster package supplied with the R statistical software package was used to construct a hierarchy of clusterings from the dissimilarity matrix. The clusters were visualized in VMD using the Cluster plugin. Based on the resulting dendrograms generated from the cluster analysis ( Figure S3 ), representative trajectory conformations from the two most populated cluster groupings at the third level were used to compare both conformational and electrostatic properties between each peptide.
Structure/Conformation and Electrostatic Properties Comparisons
For structural/conformational comparison, representative conformations from the top two populated clusters were superimposed onto either GPRP or GPRV peptides in an 'active' conformation within hole 'a' as obtained from previous published D fragment crystal structures (PDB code: 2HPC and 2FFD 14 , respectively); GPRPxxx peptides were compared to 'active' GPRP and GPRVxxx peptides were compared to 'active' GPRV. After least-squares superpositioning the first three residues of each conformation along the backbone, the RMSD of the first three residues was calculated with the 'active' GPRP or GPRV as the reference; both the backbone and total atom RMSDs were calculated. For electrostatic comparisons, electrostatic potential surface maps for representative conformations from the top populated cluster group for each peptide were generated with Adaptive Poisson-Boltzmann Solver (APBS) using the CHARMM22 force field parameter set. 33 
Results
Kinetic Binding Models
To investigate the dynamic binding profile between the fibrinogen/fibrin holes and knob peptide variants, we employed SPR. Binding interactions were evaluated by flowing the knob peptides over an immobilized surface of D fragment (Figure 1 ). By immobilizing D fragment as opposed to full-length fibrinogen, we simplified the kinetic binding model to a heterogeneous 2site ligand model (i.e. one hole 'a' and hole 'b' per ligand) as opposed to a 4-site model (i.e. two of each hole 'a' and hole 'b' per ligand). We modeled the data using both a Langmuir 1:1 model and a heterogeneous ligand model to compare previously established binding affinities to a more dynamic two-site model. However, the complexity of the heterogeneous model fitted parameters for sites 1 and 2 (i.e. maximal binding response, k a , and k d ) limits direct designation or assignment of holes 'a' or 'b' to site 1 or 2. An additional mass transport limited model was tested as well (data not shown), but did not fit the experimental data for any of the peptides. All peptide SPR data was fit except for the negative control peptide, GPSPAAC, where minimal binding response was observed.
In comparing model simulation results, the heterogeneous ligand model fit the experimental binding data far better than the Langmuir 1:1 model. Here, we present response, simulation curves, and residual plots for a single set of experimental data (GPRPFPAC; Figure   2 ); plots for all five peptides are provided as supplemental data ( Figure S1-2) . Looking specifically at the RSS, the range for the 1:1 Langmuir model (1.497 to 2.197; Table 2 ) was higher than the heterogeneous ligand model (0.9437 to 1.474; Table 3 ), suggesting that the fitted heterogeneous ligand model deviated less from the experimental data. Additionally, graphically plotting the residuals over time revealed that the residuals for 1:1 Langmuir model followed a systematic trend ( Figure 2C ), indicative of fitting an inappropriate model to the experimental data. 34 In contrast, the residuals for the heterogeneous model were lower and more randomly distributed ( Figure 2D) , indicating that this model adequately describes the binding response
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Fitted Binding Affinity Parameters
The fitted parameters (B max , k a , and k d ) for each knob peptide variant for the heterogeneous ligand model are displayed in Table 3 . Additionally, the sensorgram plots in Figure 3A illustrate the contribution each fitted parameter set has on the overall combined 2-site model. For example, for GPRPFPAC, the fit for the AB complex (site 1) encompassed a fast association rate presumably accounting for the large initial response, while the slower association rate for the AB* complex (site 2) contributes to the slower response for the duration of the injection. Broadly comparing all the knob peptide variant parameters, the 4Pro peptides (i.e., GPRPAAC, GPRPFPAC, and GPRPPERC) had much faster association rates (k a1 = 2.84 to 21.72x10 3 M -1 s -1 , k a2 = 1.01 to 1.81x10 3 M -1 s -1 ) than the 4Val peptides (i.e., GPRVVAAC and GPRVVERC; k a1 = 0.62 to 1.07x10 3 M -1 s -1 , k a2 = 0.04 to 0.26x10 3 M -1 s -1 ).
In comparing the 4Pro variants, one of the most striking differences was the nearly tenfold increase in k a1 for GPRPFPAC (21.72x10 3 M -1 s -1 ) compared to GPRPAAC (2.84x10 3 M -1 s -1 ) and GPRPPERC (3.22x10 3 M -1 s -1 ); however for k d1 , GPRPAAC (12.83x10 -3 s -1 ) displayed a six-fold slower rate compared to GPRPFPAC (81.10x10 -3 s -1 ). In contrast, for the second binding site the k a2 rate for GPRPFPAC (1.81x10 3 M -1 s -1 ) was only moderately faster than GPRPAAC (1.05x10 3 M -1 s -1 ) and GPRPPERC (1.01x10 3 M -1 s -1 ), while the k d2 for GPRPFPAC (1.96x10 -3 s -1 ) was nearly eight-fold slower than GPRPAAC (8.95x10 -3 s -1 ). These simulation results indicate that GPRPFPAC has a higher affinity to the first and second binding sites and additionally dissociates more slowly from the second binding site, thus translating to longer engagement in fibrinogen holes compared to the other variants tested.
We also investigated the impact additional charged residues in the sixth and seventh position had on functional binding characteristics by comparing GPRVVAAC and GPRVVERC.
For the association rates, GPRVVERC had a two-fold increase over GPRVVAAC in k a1 (1.07x10 3 M -1 s -1 vs. 0.62x10 3 M -1 s -1 , respectively) and a six-fold increase in k a2 (0.26x10 3 M -1 s -1 vs. 0.04x10 3 M -1 s -1 , respectively). However, the dissociation rates for GPRVVERC were twofold faster than GPRVVAAC for k d1 (57.67x10 -3 s -1 vs 30.08x10 -3 s -1 , respectively) and four-fold faster for k d2 (4.07x10 -3 s -1 vs 1.00x10 -3 s -1 , respectively). These results collectively imply that while the additional charged residues (i.e., 6Glu and 7Arg) may enhance the affinity of the knob peptide to the binding holes, it may also result in an increased rate of dissociation.
Equilibrium Dissociation Constants
Using the fitted k a s and k d s from the kinetic models, we calculated the equilibrium dissociation constants (K D s; Table 3 ). These results are also represented graphically by plotting the SPR binding maximum for each variant versus injection concentration ( Figure 3B ). The lowest K D s were observed in the peptide variants with a 4Pro (GPRPFPAC < GPRPAAC < GPRPPERC < GPRVVERC < GPRVVAAC). In comparing the specific K D s for the each site between the 4Pro variants, K D1 for GPRPFPAC (3.73µM) and GPRPAAC (4.53µM) was significantly lower than GPRPPERC (18.23µM). However, for the second site, the K D2 values for GPRPFPAC (1.08μM) and GPRPPERC (2.93µM) were significantly lower than GPRPAAC (8.52μM ). This result further indicates that GPRPFPAC interacts and engages the hole domains more readily than the other variants tested, even the gold standard GPRP mimic (GPRPAAC). In comparing GPRVVAAC to GPRVVERC, the addition of charged residues, 6Glu and 7Arg, decreased K D2 from 25.00μM to 15.71μM, while K D1 was relatively similar. 241Å ). It appears that the Pro-Phe-Pro residues in GPRPFPAC help stabilize the backbone of the first three residues to a conformation similar to 'active' GPRP. Similarly, while GPRVVERC and GPRPPERC were chosen to investigate the alterations in electrostatic charge, a salt bridge developed between the 3Arg and 6Glu side chains potentially stabilizing the backbone. We also calculated the RMSD of all the atoms (i.e. backbone and side chain atoms) in the first three residues; here, the weighted average RMSD ranking from lowest to highest was GPRPFPAC (4.656Å) < GPRPAAC (4.657Å) < GPRPPERC (4.895Å) < GPRVVERC (5.101Å) < GPRVVAAC (5.186Å). This RMSD ranking inversely correlated with the experimental binding affinity data (i.e. lower RMSD, higher binding affinity).
Molecular Dynamics Simulation Analysis
For personal use only. on August 30, 2017. by guest www.bloodjournal.org From Considering this correlation, we evaluated the orientation of the side chain groups in comparison to the 'active' conformation, particularly the orientation of 3Arg, which is required for binding of fibrin holes. Conventional terminology for torsional side chain angle defines χ 1 as the angle
; the three common rotamer classifications are gauche-(0 to 120°), trans (120 to 240°), and gauche+ (-120 to 0°). 36 In the 'active' conformation for both GPRP and GPRV, the 3Arg χ 1 angle is in a gauche+ conformation. However, in assessing the χ 1 angle of the 3Arg side chain for GPRPAAC and GPRVVAAC, we noted the angle was predominantly in a trans conformation during the simulation (i.e. pointing toward the carboxyl-terminus of the sequence; Figure 4A and 4E). In contrast, the 3Arg group in GPRPFPAC was mobile, but predominantly in the gauche+ conformation and rarely the trans conformation ( Figure 4B ). We speculate that the bulky side chain on 5Phe stericly hinders electrostatic interactions between 3Arg and the C-terminus as observed in GPRVVAAC and GPRPAAC. Additionally, the salt bridge formation between 3Arg and 6Glu in GPRVVERC and GPRPPERC appeared to stabilize the 3Arg side chain in the gauche+ conformation ( Figure 4C and 4D) . Collectively, these observations suggest that the 3Arg rotameric classifications depended on properties of the downstream residues.
As previously mentioned, knob:hole interactions are driven by electrostatic interactions.
Therefore, we generated electrostatic potential surface maps to display the charge distributions for each peptide variant ( Figure 5 ). The 'active' conformation of GPRV has a noticeably positively charged N-terminus generated by 1Gly and 3Arg ( Figure 5A ; GPRP not shown, but has similar structure/map properties). For the peptide variants, we noted that the electrostatic mapping was directly related to the 3Arg side chain rotamer classification, where the gauche+ 3Arg conformations maintained the concentrated positive charge around 1Gly and 3Arg (i.e.,
For personal use only. on August 30, 2017. by guest www.bloodjournal.org From GPRPFPAC; Figure 5C ). However, with 3Arg in the trans conformation (i.e., GPRPAAC and GPRVVAAC), the positive charge was more broadly distributed from the N-terminus across to the C-terminus ( Figure 5B and 5D ). The addition of -ERC in the sixth through eighth residues resulted in two alterations ( Figure 5E-H) . First, while the salt bridge between 3Arg and 6Glu stabilized 3Arg in the gauche+ conformation providing a concentrated positive charge at the Nterminus, the presence of 6Glu contributed a slightly negative charge near 3Arg ( Figure 5E and   5G ). Secondly, the additional Arg residue in the seventh position redistributed the positive charge more broadly across the peptide chain ( Figure 5F and 5H) . Collectively, these molecular dynamics simulations and subsequent analyses provided snapshots at the molecular level into potential intra-chain interactions that occur in aqueous environments and may contribute to the initial binding interactions with fibrin holes.
Discussion
In an effort to both describe, for the first time, fibrin knob structure in solution (i.e. prior to complimentary hole engagement) and explore potential factors that affect the initial docking/binding of fibrin knobs to holes, we modeled the binding kinetics of fibrin knob peptide:hole interactions and investigated structural properties of the peptide variants in aqueous environments. Results from this study provide significant insights into the structural dynamics of knob sequences and the role of structure in defining the dynamics of knob:hole interactions that govern fibrin assembly and fiber structure. Furthermore, these studies enabled the discovery of a novel knob mimic that displays an association rate to fibrin polymerization holes one order of magnitude higher than any previously published knob sequence.
Three decades have passed since Laudano and Doolittle first reported that the short tripeptide (GPR) derived from knob 'A' binds to fibrinogen. 7 By further extending the peptide For personal use only. on August 30, 2017. by guest www.bloodjournal.org From sequence to four residues, Doolittle noted that the synthetic tetrapeptide GPRP (20µM) had a higher affinity to fibrinogen compared to the human knob 'A' mimic GPRV (75µM) and both knob 'A' variants bound to more than 3 sites on fibrinogen. [6] [7] [8] Recent X-ray crystallographic studies of D fragment in the presence of either GPRP or GPRVVE clearly verified that both knob 'A' mimics were capable of occupying both holes 'a' and 'b'. 14 These studies also established the remarkably high degree of structural similarity between GPRP and GPRV in the engaged position, but were unable to elucidate why GPRP displays significantly higher affinity for fibrin holes. Previous reports have speculated that the enhanced binding affinity of GPRP over GPRV may be due to restrictions the 4Pro imparts on the peptide backbone 6 , yet this has been an unverified theory until now. We addressed this critical gap by characterizing the binding kinetics of a set of knob 'A' variants designed to specifically investigate the impact additional backbone stabilizing residues (i.e., Pro and Phe) and/or electrostatic charged residues (i.e., 6Arg and 7Glu mimicking the native human knob 'A' sequence) 37 have on the binding dynamics of knob:hole interactions. We were able to capture the more complex and dynamic interactions within each hole by employing a heterogeneous ligand model, a model that correlates with Doolittle's initial findings that A:b interactions, particularly knob 'A' peptide:hole 'b' interactions can and do occur. 8, 14 Furthermore, we discovered a novel peptide, GPRPFPAC, with the highest reported affinity to the hole domains, even surpassing the binding activity of the gold standard GPRP mimic (GPRPAAC).
Recent SPR studies have investigated the interaction between adsorbed fibrinogen and the N-terminal disulfide knot (NDSK) of differentially activated fibrin (FpA and FpB removed = desAB-NDSK; only FpA removed = desA-NDSK). 38 The authors reported K D s of 5.8μM and 3.7μM for desA-NDSK and desAB-NDSK, respectively. The slightly higher affinity of desAB-For personal use only. on August 30, 2017. by guest www.bloodjournal.org From NDSK was attributed to B:b interactions as co-injection of knob 'B' peptides with desA-NDSK or desAB-NDSK hindered only the desAB-NDSK interaction with fibrinogen. 38 Even though this elegant study established the presence of B:b binding interactions, these SPR experiments were performed under equilibrium conditions (i.e., low flow rates) and determined only a single equilibrium binding constant. 26 Nonetheless, dynamic off-rates of desA-NDSK (8.6 x 10 -4 s -1 ) and desAB-NDSK (1.35 x 10 -3 s -1 ) from fibrinogen have been calculated from bond-strength measurements recorded with laser tweezers-based force spectroscopy. 12 Surprisingly, these offrates are similar to the k d s measured for the knob peptides in the present study (~10 -3 s -1 ). While there are inherent differences between the experimental parameters of SPR and laser tweezersbased force spectroscopy, the agreement of dynamic rates may provide further evidence that the knob:hole interaction is predominately mediated by the first few residues on the knob N-termini.
Performing molecular dynamics simulations of the peptides in an aqueous environment lent substantial insight into potential peptide structural conformations and intra-chain interactions that may influence binding properties. We acknowledge, however, the basic limitations of molecular dynamics simulations: conformational sampling and the energy function. Moreover, we used theoretical models as starting structures, based on the published 'active' conformations of GPRP and GPRV, since the structures for the peptide variants used in this study cannot be determined experimentally. Additional modeling would need to be performed to fully address these concerns. However, based on our simulations, we noticed two main characteristics that correlated with functional binding affinities, first, the orientation of the 3Arg side chain, and second, backbone stability. For the superior binding peptide GPRPFPAC, the 3Arg side chain χ 1 angle was maintained in the gauche+ rotameric conformation and the weighted average of the backbone RMSD from the active conformation was the lowest. Meanwhile the 3Arg group in the For personal use only. on August 30, 2017. by guest www.bloodjournal.org From -ERC peptides (GPRPPERC and GPRVVERC) was stabilized in the gauche+ conformation by a salt bridge ionic interaction between 3Arg and 6Glu thereby also stabilizing the backbone.
However, the salt bridge may initially restrict 3Arg from interacting with residues on the hole domains. Surprisingly, the 3Arg side chain for GPRPAAC, a high affinity peptide, was predominately observed in the trans conformation; a similar 3Arg rotameric conformation was observed for GPRVVAAC. Notably, the peptides used in the experimental and subsequent molecular dynamics simulations were not amidated so as to facilitate future conjugation chemistries. In doing so, a negative charge was generated at the carboxyl-terminus allowing presumably weak ionic interactions between a non-restricted positively charged Arg side chain and the C-terminus as observed with GPRPAAC and GPRVVAAC. In spite of this, the RMSD of the backbone for GPRPAAC was less than GPRVVAAC, indicating that the 4Pro residue likely stabilizes the peptide backbone. The resulting electrostatic potential was then subsequently influenced by the structural conformations of the side chains. This modeling analysis ultimately suggested that the conformation of knob peptides within an aqueous environment prior to contact with a hole domain contributes to the propensity of binding that occurs. This theory may translate to the N-terminal knobs on the more complex native fibrin monomer; however, significant additional experimentation would be required.
Doolittle's discovery that short knob mimics display significant binding affinity to polymerization holes. Using molecular dynamic simulations coupled with experimental SPR, we report for the first time, to our knowledge, fundamental knob structural determinants that drive knob:hole binding dynamics and provide potential knob design criteria. Exemplifying these criteria, we report a novel knob mimic with enhanced affinity. Collectively, we believe our studies provide additional insights for developing higher affinity peptides that bind and disrupt the native knob:hole interaction more effectively than previously reported knob peptides. RMSD calculations for the first three residues were in reference to the active conformation (i.e. GPRP or GPRV); both backbone and total RMSDs were calculated after optimal superposition along the backbone. 
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